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The detailed rate constant k(V0 ,R0 ,T0;T), where V0 , R0 and T0 are product vibrational, rotational and trans-
lational energies, and T is the reagent translational energy (approximately 4.7–12 kcal mole1), has been
measured for Cl + HI? HCl + I by the infrared chemiluminescence method. The main ﬁndings are (a) that
T becomes principally T0 , (b) that V0 broadens in distribution and (c) a second peak appears in R0 of v0 = 4, at
enhanced T.
 2013 Elsevier B.V. All rights reserved.1. Experimental
In earlier infrared chemiluminescence studies of the reaction
[1–4] ClþHI! HClþ I ðDH00 ¼ 31:7 kcal mole1Þ, and some re-
lated studies (e.g. Refs. [5,6]), we have made use of the arrested
relaxation variant of the infrared chemiluminescence method to
obtain detailed rate constants k(V0,R0,T0), in which V0,R0 and T0 are
the product vibrational, rotational and translational energies. The
reagents have always been in a room-temperature thermal distri-
bution. (We symbolise the temperature as TK.) This has meant that
the mean collision energy (reagent translational energy; T) has
been T  Ea þ 32RTK [7]; ) T  1.5 kcal mole1.
We have now (for the ﬁrst time) made the collision energy a
variable in infrared chemiluminescence experiments, by a modiﬁ-
cation of the inlet system for tie two reagents. Previously this has
been a pair of effusive nozzles, i.e. uncollimated room temperature
thermal beams [1,6]. This has been altered to either (a) a super-
sonic jet directed across a (room-temperature) effusive nozzle, or
(b) a pair of supersonic jets (Table 1). The kinematics of Cl + HI
(large mass of Hl) made the single jet arrangement acceptable.
Three experiments were performed using a single-jet crossing an
uncollimated effusive beam at a point about 20 mm from the jet
oriﬁce. Comparing head-on with head-to-tail collisions the spread
in T for this arrangement was 4.7 ± 1.7, 6 ± 2.3 and
12 ± 3.5 kcal mole1. Two further experiments at T  6 kcal mole1
have also been performed employing a pair of supersonic jets, for
which the spread in T will be somewhat less. The jets crossed at
a point approximately 10 mm from the pair of graphite ovens from
which they issued (hot oven for Cl2 + Cl, cold for HI). The popula-
tions in v0 = 4 from these twin-jet experiments at T  6 were 30%lower than that from the jet + effusive beam. The source of this dif-
ference is unclear; possibily there is more reaction with a collision
energy in excess of the mean value for the jet + thermal beam
geometry. There was no signiﬁcant difference between the initial
rotational distributions of the HCl product for the twin-jet and
the jet + beam experiments.
Since none of these experiments was performed under single-
collision conditions, some reaction must have occurred in second-
ary collisions of the Cl at less than the calculated primary collision
energy. The experiments did, however, provide an internal check
on the fact that the calculated T was indeed the actual T for a sig-
niﬁcant fraction of the reactive collisions, since the reaction was
found to populate vibrational–rotational states up to an energy
of 38 kcal for a (calculated) T = 4.7 kcal mole1, up to 40 kcal for
T = 6 kcal mole1, and up to 46 kcal for T = 12 kcal mole1. These
ﬁgures for (V0 + R0)max are in every case 1–2 kcal mole1 in excess
of the mean total available energy. An important component of
the mean total available energy, E0tot, is the mean collision energy
T, since
E0tot ¼ DH00 þ T þ RTK; ð1Þ
where the ﬁnal term represents the mean rotational energy in the
reagents. This equation is based on the analogous expression
E0tot ¼ DH00 þ Ea þ 32RTK þ RTK which has been successful in predict-
ing the total energy available from thermal reactions [3–6]; in this
expression Ea þ 32RTK is the mean collision energy of reacting mole-
cules [7].
In all experiments chlorine atoms were formed by thermal dis-
sociation of Cl2 in an oven consisting of a hollow cylindrical graph-
ite rod, heated by a 100–150 amp current. There was a circular
oriﬁce mid-way along the length of the oven. Oriﬁce diameters,
oven pressures and temperatures are listed in Table 1. Typically
(200 torr, 1700 K) the Cl2 was 15% dissociated. The translational
energy of Cl was calculated (naively) assuming that the Cl/Cl2 mix-
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Fig. 1. Detailed rate constants, k(V0 ,R0), versus product rotational energy within the speciﬁed vibrational energy levels, v0; (a) at a mean collision energy of T = 4.7 kcal mole1,
and (b) at T = 12 kcal mole1. The scale at the top (0–1.0) gives the fraction of the total available energy [E0tot from Eq. (1) is 37.1 kcal for (a), 44.4 kcal for (b)] going into
rotation in a given v0-level. Values of k(m0) are given below the v0 designation. Numbers above the vertical lines indicate J0: the arrows indicate the (mean) energy available for
rotational excitation in each v0 level, from Eq. (1). The inset shows the continuum detailed rate constant kc f 0T
 
(Ref. [4]) versus the fraction of the available energy going into
product translation, f 0T at T = 12 kcal mole
1; the vibrational levels to which the translational distributions refer are indicated above the curves.
Table 1
Experimental conditions for the 5 experiments performed.
T (kcal mole1) Apparatus Cl2 Oven temp. (K) Cl2 Oven pressure (torr) Cl2 Oriﬁce diameter (mm) FIOWS (lmole sec1) Background pressure (torr)
1 4.7a 2 1380 19 1.00 30 Cl2100 HI 2  105
2 6.5b 1 1690 175 0.33 36 Cl2 65 HI 1  105
3 6.4b 2 1700 230 0.56 50 Cl2 50 HI 1  105
4 5.7a 2 1650 175 0.22 46 Cl2 120 Hl 2–3  105
5 12.1a 2 1700 260 0.22c 43 Cl2 84 He 180 HI 4  105
a Experiments using a single supersonic jet.
b Experiments using two jets.
c 2 oriﬁces of this diameter side by side in the same oven (2 mm apart).
4 L.T. Cowley et al. / Chemical Physics Letters 589 (2013) 3–6ture behaved as an ideal gas [8]. Speciﬁc heats, molecular weights
and collision cross sections were taken as mole-fraction averages.
For experiments 1–5 the ratio of speciﬁc heats weighted by
mole-fraction gave c ¼ PXiCpi=
P
XiCvi ¼
 
1:43;1:34;1:33;1:34
and 1.52 for the Cl2 jet. The corresponding Mach numbers were
approximately 5, 10, 13, 8 and 7. At our oven temperatures andpressures the formation of Cl2 by recombination in the expanding
jet should be slight [9].
The oven assembly was supported by copper pipes from a glass
ﬂange at the top of the vessel. These pipes circulated cooling water
(separately) through copper blocks at either end of the graphite
rod, which was soft-soldered into the blocks. The cooling pipes also
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L.T. Cowley et al. / Chemical Physics Letters 589 (2013) 3–6 5acted as electrical conductors for the heating current. Oven tem-
perature was determined pyrometrically. To minimise thermal IR
emission the hot oven, mounted out of view of the spectrometer,
was surrounded by a water-cooled radiation shield. Strips of black-
ened copper sheet, extending 14
00 out from the wall at 14
00 intervals,
were soldered to the blackened inner walls of the liquid-nitro-
gen-cooled can [6].
With the exception of the inlet system, apparatuses 1 and 2 (Ta-
ble 1) were those described previously [6]. Infrared emission was
recorded on a Perkin Elmer 112G grating spectrometer, using a
PbS detector at 196 C. The analysis of the spectrum to yield pop-
ulations has been described [10]. Both gases were obtained from
Matheson of Canada, and were vacuum distilled twice, to remove
traces of air that would oxidise hot graphite.
2. Results and discussion
The observed rotational distributions showed an initial peak at
higher-J0 and a relaxed (Boltzmann) peak [1,6]. The latter was
folded back into the former by the truncation method [6], tested
in Ref. [11]. The corrected initial distributions for T = 4.7 and
T = 12 kcal mole1 are shown in Fig. 1. It is clear.
(a) that the vibrational distribution is broader at the higher col-
lision energy,
(b) that the rotational distributions at T = 4.7 kcal mole1 and
T = 12 kcal mole1 tend to populate J0 levels up to the respec-
tive thermodynamic limits, and0 1 2 3
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Fig. 2. Detailed rate constants, k(v0), versus v0 from the present experiments at
mean collision energies T = 4.7(D), 6(), and 12 kcal mole1 (h), and from earlier
work [1–4,12] at T  1.5 kcal mole1 (broken line, }). The T = 6 kcal data is the
mean of results from experiments 2 and 3 using two jets, and experiment 4 using
one jet (see text); the individual values, in the same sequence, were k(m0 = 1) =
–, 0.61, 0.48; k(m0 = 2) = 0.53, 0.79, 0.67; k(m0 = 3) = 1.00; k(m0 = 4) = 0.74, 0.67, 0.98.
For T = 1.5  6 kcal mole1 the populations in m0 = 5 and 6 were below the Level of
detection.(c) that there is a second peak in the rotational distribution in
level v0 = 4 at the higher collision energy.
The broadening of the vibrational distribution is clearly evident
in Fig. 2, which includes thermal data (T  1.5 kcal mole1)
[2,4,12], as well as data at T = 4.7, 6 and 12 kcal mole1. This broad-
ening in vibrational distribution produces at ﬁrst a decrease and
then an increase in mean vibrational excitation, V 0 [Fig. 3(a)]. The(b)
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Fig. 3. (a) Mean product energies (averaged over all products) as a function of
collision energy T. (b) Mean fraction of E0tot in product vibration, rotation and
translation ðf 0V ;f 0R;f 0T Þ as a function of T. The data at T = 1.5 kcal in (a) and (b) is from
earlier work [1–4,12]; the upper points for V 0 and f 0V at T = 1.5 kcal assume
k(v0 = 0) = 0, the lower points assume k(m0 = 0) = 0.1 (compare Fig. 2). The circles for
T = 4.7  12 kcal are large enough to encompass the effect on T 0;R0;f 0T and f 0R of
varying the peak of the assumed rotational distribution in m0 = 0 from
ðJ0Þm0¼0 ¼ 20½¼ ðJ0Þm0¼1 to ðJ0Þm0¼0 ¼ 24 [obtained by extrapolation from ðJ0Þv 0>0.
6 L.T. Cowley et al. / Chemical Physics Letters 589 (2013) 3–6total energy, E0tot, is increasing sufﬁciently rapidly that the mean
fraction entering vibration, f 0V , is steadily decreasing [Fig. 3(b)].
The tendency to populate higher J0-levels in lower v0-levels is
particularly characteristic of Cl + HI (cf. H + Cl2 [3] and F + H2 [5]).
The novel observation [(b) above] is that J0max, the highest J
0-level
populated in a given v0-level, increases with the new variable, T,
so that rotational levels up to the thermodynamic limit continue
to be populated. The most-populated J0-level, J^0, in a particular v0-
level, remains almost invariant with T. The modest increase in R0
with T, recorded in Fig. 3(a), is largely due to the increase in J0max
(in all v0-levels).
Energy that does not go into product vibration or rotation must
go into translation. Much the largest increase in product energy, as
the collision energy is increased, is in T 0, which rises by 9.5 kcal
mole1 a.s the collision energy increases by 10.5 kcal mole1
[Fig. 3(a)]. This represents a signiﬁcant increase in f 0T , from 0.19
to 0.36 [Fig. 3(b)]. We have included the distribution over f 0T for
our highest collision energy, in the inset to Fig. 1.
The third point evident from Fig. 1 was the emergence of a new
peak in R0 of v0 = 4 (see also the inset to Fig. 1). There was a sugges-
tion of this second peak in R0 of v0 = 4 at T = 4 kcal mole1, and clear
evidence of it in all three experiments at T  6 kcal mole1.
Doubling of the collision energy (T = 6 to 12 kcal) produced no sig-
niﬁcant shift in the position of the maximum of this new rotational
peak ð^J0 ¼ 13Þ, though it caused a substantial extension in the high-
energy tail of the distribution.2 The location of the maximum may
be determined by the existence of a fairly well-deﬁned second path
across the potential-energy hypersurface. This could be a route
which involves a high impact-parameter collision of Cl with I, fol-
lowed by migration of Cl from the I end of HI to the H end [? HCl + I
(2P3/2)]. Alternatively the new reaction path could involve crossing
onto the surface leading to HCl + I⁄(2P1/2), followed by reversion to
the lower surface3 [6]. Crossing may be favoured by certain of the
6 initial states of Cl 2P3=2; MJ ¼  32 ; 12 ; 2P1=2; MJ ¼  12
 
[13]. The tail
of the rotational distribution, which is sensitive to T in all v0, could
well arise from the tendency for increased initial orbital angular
momentum, L, to give rise to increased product rotational angular
momentum J0 (observed in trajectory calculations on a wide variety
of surfaces).
Classical trajectory calculations employing a repulsive poten-
tial-energy surface for this reaction [2,14], performed previously,
predicted that for an increase in T from thermal collision energy
to 6 kcal mole1;
(i) most of T? T0,
(ii) the distribution over V0 became broader,
(iii) there was a small decrease in V 0, and increase in R0, and
(iv) angular-scattering of the HCl became sharply forward.2 This second rotational peak is believed to be the result of direct reaction into
v0 = 4. Further experiments at higher collision energy are planned to check that this is
the case. Preliminary data on the reaction H + ICI? HCl + I gave evidence of a
multiply-peaked distribution (Ref. [4]); recent work (in progress) indicates that the
peaks at lower J0 in. this system may have been due to a secondary process rather than
the primary reaction.
3 The second rotational peak cannot arise from the reaction Cl + HI? HCl + I⁄(2P1/2).
At T = 6 kcal, for example, the formation of HCl (v0 = 4,J0 = 13) would be 20 kcal endo-
thermic.No evidence was found for the second rotational peak in v0 = 4
(this failure is not instructive, since the statistics for v0  4 were
poor). These predictions are in quite good agreement with the
present experiments as they relate to (i), (ii) and (iii), and with re-
cent beam experiments regarding (i) and (iv) [15] (for Cl + HI see
Ref. [16], for H + Cl2 see Ref. [17]).
Taken together the chemiluminescence experiments [1–4] and
beam experiments [15–17] show a markedly increased efﬁciency
of conversion of the reaction energy into vibration and markedly
enhanced tendency for forward scattering in the reaction
Cl + HI? HCl + I as compared with H + Cl2? HCl + Cl. These differ-
ences appear to be due predominantly to the difference in the
masses involved: for H + Cl2 strong repulsion between the products
throws HCl backward with high translational energy, for Cl + HI
similar repulsion produces internal excitation. in the extended
Cl–H (‘‘mixed energy-release’’) and consequently Cl is able to con-
tinue in a forward direction carrying the H with it [2,18].
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